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ABSTRACT

Implantable pulsed-Doppler ultrasonic flowmeter development has
resulted in designs for application to the aortas of dogs and humans,
and to hvwan renal and coronary arteric.. A Tigure of merit has been
derived for each design, indicating the degree of its precision,

An H-array design for transcutaneous observation of blood flow

has been developed and tested in vitro, Two other simplified designs'
for the same purpose obviate the necd to determine vessel orientation.
One of these will be devel: od in the next time period.

Technigues for intraoperative use and for implantation have had
mixed success., While satisfactory on large vessels, higher ultra-
sonle frediencies and alteration of tronsducer desipn are required
for satisfactory operation of pulsed hoppler flowmeters with small

vessels,
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I. INTRODUCTION

This semi~annual report covers the period from September 1, 1973,
through February 28, 1974, It discusses recent developments in work
toward achicvement of satisfactory blood Ilowmeters suitable for
mensuring flow in the renal rrtery, both with implantablie devices and
witq external devicrs operating transcutanecusly, The usze of custon
integrated circuits and ultrasound are essential to accomplish this
task in the approach described here, i

Implantable devices are essential to permit unhampered observa-
tion of blood flow to specific organs in awake, unanesthetized animals,
Transcutaneous ohservations avold the necessity for invasion of the
body in order to measure the flow, Instruments available previously
for flow measurement have been less accurate and reliable than those
described here,

Determination of renal blood flow in man is considered an important
factor in understanding the mechanisms operative in producing the
diuresis observed subsequent to weighitlessne-s and bedrest simulation
of weightlessness and, theref: re, are important in undersianding the
effects of space flight on man.

Analysis of several system tradeoff considera:ions has been com-
pleted in the development of a pulsed-Doppler ultrasonic blood flow-
meter. Inciuded are pulse burst length, repetition frequency, filtering
and ultrasonic freguency choice and transducer diameter., These are
drawn together into an optimal design procedure and a study made of the
performance limitations,

To complement the design development work, implemcntation techniques
are also heing developed using dogs to test the effectiveness of the

designs as a prelude to their application to people,

II, TECHNICAL RESULTS
A. Implantable Pulzed Flowmeter (R. W. Gill and J. D. Meindl)

Work on the realization of the pulsed flowmeter implantable
electronics in integrated-circuit form is continuing. The final circuit
configuratlions have been chosen on the basis of minipum power drain and
reliable operation over a wide range of supply veoltages, These circuits
have now been laid ou' as integrated circaits, and the IC masks made.
Emphagis is, at present, being placed on development of a suitable IC
fabricolion process, and it is expected that working integrated circuits

will be fabricated in the ncar iuture, Work 1% also procecding on the



wideband telemetry link required for the pulsed flowmetcr, This has
proved to be a more difficult task than was originally cnvisicned.

The following discussion is a reproduction of a relevant paper on
optimal system design of the pulsed Doppler ultrasonic blood flowmeter
presented hy the authors at the IEEE 1973 Ultrasonics Symposium held at
Monterey, Califernia on November 5, 1973, The work presented here was
also supported by the National Institutes of Health under PHS Research
Grant No, 1 POl GM17240-04.
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OPTIMAL SYSTEM DESTGN OF THE PULSED DOPPLER ULTRASOWIC BLOCD FLOWMETHR

W, Gl and

J.D, Meindl

Stanford Electronlers Laboratories

Stanford,

ALSTRACT,
of applications, hoth alinical and rosearch.

ol this type of flowmcter tor several rcusons,

the unigue dita it can produce,

In lhe desipgn of the fiowmeter a number of tradeoifTs musi be made,
leading to a design procedurc which optimizes flow-

tomatic approach to these tradeolfls

metor poerlor nce for a given set of physieologicrl conslraints,
The particular flowmetler configuration considered is the single~

applicatiovns are presented,

CA 913035

The pulscd Doppler hloowd Flowmeter hins dewonstrated its utbility iv o number
The futurc iy cervtain to see increasing use
inelwding its ¢onvenience snd stability #nd

This paper presents

Sample designs for typical

transducer typa with the trvaonsducer adjacent to the vessel,

This paper deals with the tradeoffs involved in
the design of the pulsed Doppler ultrasonic blood
flowmeter, and the selection of the varicus parameters
of the flowmeter to vptimize its performance subject
to the physielogices constraints of the application.
Specifically, the aialysis is appiicable Lo the case
of a non-directional® oi* quadralure directional?
pulsed flewmeter, with a single transmit/rcceive trans-
ducer adjacent to the vessel, ‘The analysis cso be
modified to deal with an of[sct directional flowmcter3,
transcutaneous measurement wili: or without a lens, and
the cas. - here separate transmitting and receliving
trancduc. 5 are used.,

Opticization of the [lowmeter periormance is taken
to mean obtaining maximum ranpe resolution and flow
meagsurement accoracy subject to the needs for unambipg-
ucus measurement of rangc and velocity, The maximiza-—
tlon of the Doppler signal-to-noise ratio for a given
transmiticd acoustic power is slso an important con-
sideration, = 1

A simple first~order theory is developed, since
it is desirable te study the design tradeoffs analy~
tically, Thus, for example, the beam pattern of the
transducer ig modelled by 2 theory which may deviate
significantly Jfroa the actual pattern in any given
case, and the samp: volume of the flowmeter has to
be somewhat arbitrurily defined, since the intensity
falls off slowly at its edy« =, In addition, the
problems of optimum denodulation ol the Doppler signal
have been omitted; this rfubiect descrvez considerable
attention in itz own right,

The block diggram of an implantable pulsed flow-
meter is shown in Fig, 1, and some typical wavelforms
in Fig, 2,4 Only one demndulator channel is shown for
convenienco., A pon~implaniable version of this is
ohininced by eliminating the telemetry link and connec-
ting the video and syne signals directly lo the demod-
ulator, Althougl other pulsed flowmeters ditffer fron
thig in several respects, the following analysis should
5till apply to them directly. The parameters which
must e determined are: ultrasecnic frequency, hurst
repetilion fregquency, transducer diamceter, transducer
angle, bursi length, rf amplifier and video amplifier
bandwidth, and audio filter cutoff freguoncies, The
Iactors influencing the cheice of cach parameler are
dlscussed, and then a design procedure presented which
combhincs all these considerations te give an optimizod
flowmeter design, The flowmeter performance and the
offects of physinlogical mmd Cransducer constraints
on it are then diseussed.  Finally, some typical
designs are proeacented,
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Typical Flouwmeter Wavelorms

urst Length

Fig. 3 shows the beam and vessel geometry and the
deTinition of some terms, The flowseter resolution
(X) is given by the projection of the sample volume
(thie volume of blood from which significant scattering
is received at any oue ingtanl) on the vessel diametuf,
Jt can be oxpresscd ps

= Do 5 e
X-l/uulc“_nm0+ut%0 (1)

=
whete ¢=1.57 x 107 cmfsee is the veloeity of sound in
bload, T,pep is the effcetive burst lenpth and w is the
beaw width, To maximize resolution Terf must clearly
e windoined, 11 As determined by the lemsth of the
drive burst applicd Lo Lhe Leansducer, ata by the bang-
widlhs of Lhe transducer and Hl: Lhe Tollowlnp elec-

tronics up to the Hﬂmplu/huld Eates, 1w practice



Tofre can be delined as the inlerval between the —10dn
peints of the retorn drow a single roflector, wewsurcd
at the outpit of the video amplificr,

| VESSEL WALLS

\ SAMPLE
2 VOLUME

TRARSDUCER
{FREQUENCY f,

BLOOD VELCGQITY v

Fig., 3. bBeamn and Yessel Geometry
The hondgwidth of the traunsducer is given ' fcht
where Q¢ is the trangducer ¢, and 1, is the ultrusonic
Erequency, The rf amplifier bandwidth is set egual to
the transducer by lwidih; a narrovwer vf bLandwidth would
degrade reosolutionr, while a broader one would unnecesszr-
iiy degrade the sipial-io-neise ratio.S  Since the nixcr
feolds the spectirum iin half about zero frequency, the
video bandwidth is one halfl the rI bandwidih, The
length of the drive burst is made equal to the recipro-
cal ol the transducer bandwidth
T = Q. /1. (23
since a shorter burst would reduce the power received
without significantly improving resclution whiile a
longor one would degrade the rescluticn, The effective
burst length can then be written as
T - -
off Qefffi” {3}
where Q pp ig the transducer Q modified to account lor
the offect of the rf and video amplifier bandwidth.,
‘fius resolution is best for a low @ transducer
and high ultrasonic freguency. Typically Q@ may be
reduced to about o by using a suitable pieroclectric
matle:ial and acoustic loading and matching layers,
giving Qef[ ~ .,
Audiao Filter

Reflections from vessel walls and other body
structurcs produce large low—frequency Doppler sipgnels
which tend to obscure ithe hlood flow information, For
this reason a lower cutoff frequency of L00 or 200 Iz
is typically choson,  The upper cutolf is chosen to he
just above the hipghest Doppler signal expecled, and
just below one hall of the bursl roepetition rate, ‘Ihis
ig boceause the sampling theorem of communcations theoory
praves that the highest Doppler frequency which can be
nnambiguausaly nweadured ig one half of the sampling rote;
in practice, filtering requirements reduce the muximum
prrnissible Dopploer freguency to about sy of thiin valuo:

G

r = 0,15 1
iy ? r

“)
whene . 48 the buest vepetition vate,  Thus, foxr o
given ulteasonle Frequency and treansducer angle, 4
Timit fx set by oo Uie maxiwon velocivy which can

4

be measured, sccording to the Doppler equalian

P (5)

.V o e
d 2 = 1y 0@

where f, is the Doppler shiff, v is the Llood velocitly,
¢ is the velocity of sound amd £, is the ullrasenic
Irequency .,

Burst Repetition VFrequency

The above discussion implices that a high repeti-
tion fri- :ency is desived to allow the measurement of
high velocitios, lowever, the need to measure range
unambiguously limits Lthe ropetitien period to the time
taken b sound to tr:vel to the opposite wall ol the
vesael and back to the transducer, Thus the repetition
rate chosen ig the hipghest one compatible with this
latter constraint

¢ sih B

¥ 2D
max

i {6

where Dpa.. is the maximum vessel diiweler expocted,

Then, from (4), the maximum allowable Doppler Trequency
is
5l
1 = 0,225 el (7)
dmax
max

Transducer Angle

aasure both
calculated

Consider a flowmcter being used to
velocity and vealume filow, The veloecity is
according to the Doppler eguation (5}

(8)
To calculate volume flow, the velecity dietribution

across the vessel is spatihlly averaged and multiplied
by the vesscl area, determined from the range of the

near and far walls, Thus
— 1 g
el (€D
and D=1/2cr i dr~me (10)

where ¥ is the spatially averaged velocity, 7 is the
time between near and Iar wall cchos, and D is the
vessel diameter, The volume flow is then given by

2 _ 9% 8
l/d4n 17 ¥ e e
/ ord

q = (11)

Differentiating (8) and (21) with respect to B znd
normalizing, the sensitivity of vcelocily ard volunme

flow measurements to angle errors are given respoectiqely
by

1 dv = tan § az
v 4B
1 d¢ =tan 0+ 2 cof @ (13)
q df

These are plotted in Fip, 4. Tor veloclly measurepent

8 should bhe small for maximulk accurscy, but for volume
flow measurcment the sensitivity to aungle error is
lowest near GO°.  Since anple er.ars of 1° or 2° scem
unavoidable, it is essential that U be chosen to
minimiece sensitivity Lo such crrors.
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Fig, 4, Velocily and Flow Sensitivi. s
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Other factors which should also bLe consideved in
selecting § are: sawpie sine, waxlmum range fo: a
given vessel diameter, and ile distance travellod alon
the vessel by the beam as it travels across the vessel.
Thi fast factor determines the amount of rvelatively
s1) 1ght vessel needed to make accurate messurements,
whi<y should be minimized, implying that a value of §
nea- 90% is desirabl., The sample size is not strongly
dependent on 9 for typical burst lengths and transducer
size, but it is minimized for § = 90°, For a given
vessel diametor, the maximum range limits the repetitiaon
fregquency and so the Doppler freqguency whrich can be
mgasured, as given by {7i. Again, the range is minimized
for § = ‘SDD, and so a v o of B near 907 is desirable,

The cheice of 6 is « compromise Dbetween all these
factors, with the ncod to minimize the sensitivity to
angle errovs the dominant consideration. Yor a flow-
meter which 18 used to 1o .sure both velocity ahd volume
flow, a value of B0° is ihus nermally chosen,

Ultrasoric Frequency

As indicated earlier, and as would be expected
intuitively, the ultrasonie frequency should be as high
as possible to ovptivwize regolution,  However, for a
given vessel size there is an upper limit on the Doppler
frequency given by (7); for a given velocitly this sets
an upper Limit on the ultrasonic frequency, nccording

to (3). Equating the twe upper limits
Vax ¢ s 8
f =g BT £ e = 0,225 —0 2
dmax :
2 max
¢t
N g (11)

L 9v 1
max ~max

Using this value ol the ultrasnnic freguoney will then
maximize the resolution subject to the repetition rale
limitation vn the Duppler frequency. Lguation (14) is
plotted in Fig. 5 for a bumber of vessel diameters and
maxiieum velocities,
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(ne further consideration which must be discussed
is the variation of signal~to-noise (5/N) ratio with
ultrasonic frequency, It will be shown that this is
not a critical factor in the choice of f,.

Considoer the scattering from bloed al range r,
Assume that all the tr.rsmitted power is uniformly

distributed in a beam of width w, area(l/4?nw2. Then
the incidenl power per unit area is given by
m, P
It -a.,r
P =y 15
YIRS (1s)

where P, is the electrical power delivered to the trans-
ducer, % ig the transducer transmitting efliciency, and
a is the attenuation constant of the intervening nediumr,
For a single target with scattering cross—secticn A,

the sceattered power is just A.P,, If the scattering
proce ig first order and independent, as experimental
resul.s indicate,7 the totsl scattere! power is the sum
of the powers due to Line individual scatlers, Thus,

it is given by A.P, mul:ripltied by the number of
scatterers in the samp). volume. Igroring the spreading

of the burst in time {7 .o, suming T =T}, the
eff
scattered power is tlh.
P - [k1/4 A w2 e n AP,
= 1/2 ¢ Tn.A ﬂl Pt e 2t {16)
using (15), where n, is the number of scattercrs per

unit voluwme, Since the seattering pavticles are much
smaller than the ultrasonic wavelength (o~ 7 compaied
to ~ ¢, 3mm}, the scattering is governed by Rayleigh
statigtics,” and sc it may be asswned to be isotropic,
willh a scattering cross-section given by

4
A=ﬂln j-o

an
whore A is a constant,

The Traction of the scattered power which 1y
received by the transducer is then plven by the ratio
of the Lransduccer aren to the arca of o sphere of
radius r.

ﬂ12 1 R, P
pr - ﬂ2 pﬂ( 4 )Chn¢> v

(R}



.W. Gi1l
where T ig the transducer receiving efficlency, Com-
bining equations (LG}, (17} and (18} gives
2 4 ~2a.r
P =Ne¥n, Avgd P f, o 7 (19}
r e e Ty
, 2
42 r

T, is the overzll transducer efficiency.
1.%0 dependence of the signa}-te-nolse
Lthe following relationships ore

where T o= )
\ 1
To make
ratio on f, explicit,
used;
(i) assume Rayleigh scattering, cquation {17)
(iiy the attenuation conrstant {a) is known to
be approximately proportiona. to frequency
in the froquency range of inturestg, S0

# o= oa, fy (20}

where a, is a constant,

{iii} the burst length is given hy (2)
{iv} the receiver noise referred to the input can
be assumed to be proporticnal to the receiver

bandwidth, 1.e,
N, T
.= q (21)

where N, is the noise per unit bandwidth,
The S/N ratio of the Doppler signal is found by
substituting (2} and (20) into (19] and dividing the

resulting received power by (21),
2 2
P Ne R  n, A, d AR PR
s/x =5 = L Py fo @ (22)
r a2 N, r?

The electrical power (Pt} is usually Tixed by
clectroaic and/uv safoty requirements, and the trans-
ducor sive is determined by resoluticon requircments.
If we assumc the transducer @ and efficiency are inde-
pendent of fregquency, thon we have

2 T
S/8 ~ fT o 28Tt (23)
T

Differentiating this with respoect to freguency and
sefting the derivative cqual toe zero, the lrequebcy
which maximizes the S/N rativ is found to be

1

= AT {24}

fvopt

This is plotted in Fip, 6 where r is assumed to
be the ravge to the ‘av wall of the vessel, and as is
the weighied mean oi the altenuntion constant for the
vessnl walls (-‘ldB/(:m/M!}Z) and 1 iood (O_ZS(IB/um/M]iz)
assuming & ratio of wall thickiness to vessel diameter
of 5%,

The: Fig.
freguencics for a given distance () for which the
/N ratic is within 34D of its maximum value, This
indicales that a rvange of Fregquencics of al loast 4:1
1s permissible withoul seriously affecting the S/N
ratio. Thug the waxiwizstion of §/H ralie is a sconp-
dary conslderation in the choice of ultrasonic Ireguency,

shaden arca in & indicates the range nf
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Transducer Diameter

Fig. 7(a) shows the heam envelope for & circular
transmitting transducer of diameter d, assuming that
il acts as an ideal piston,Y The axisl intensity dis-
tribution is shown in Fig, 7(b), Neotice thal there
are a serles of maxima and zeros, their cxact number
being determincd by the ratio d/fi where h is the wave-
length; d/k:lU for Fig. 7. The puvint at which the
last axial maxinu. ceours is conventionglly taken as
the transition pol 't between the parallel-beam "near
field" and the uni srmly diverging "far Ffield” whcre
the axial intensity falls off inverscly with range.
This last maximum occurs approximately at the point

2,

ppo=0.25 a7/, (25)

and this has been used as the definition of the maxi-~
mum usable range of the transducer,

Jlowever, o number of comments are in ordev, First,
the definition of the beam discuzsed above defines the
boundaries as these points at whicol the intensity falls
lo zere, A more realistic definition would seem io
be the locus of points at which the beam po-er falls to
a ceritain fractien of its maximum, since the flowmeter
demodulator normally has some threshold power level
below which it Jdoes not detect signal.lo For example,
Fig, 7(c) she s the ~GdB beam envelope, again usi 4 the
"piston" theory,ll Note that when the receiving sensi-
tivity pattern is a&lse taken into account, the returns
from these polnts sre actually 1248 down, The boam
width at range rp is now less than 1/2 d, and the angle
of divergence of the beam in the far field is about
£09% of that for the beaw of Fiyg, 7{a). 'This definition
of the beam is not only more optimistic, bnt also more
consis ont with the observations nd experimenters in
the field of ultrasenic imaging,

In additien te the above considerations, hebkker
et, al, have demponstrated that the uniform piston
assunmption is not very realistic, and instead have
investigalet the casecs of a transducer with simpliy-—
supporied and clamped (3(1[,:0:-;.13 In Both cascs Lthe

transducer vibhration falls to zers at the edges, cob-
sistent with obscurvationg of actunl trongducers. g,
7(d) =ltaws the oxial intensity distribuiion loe Che

sinply-supportel transducer for d/k:Lﬁ; notice that
the intensity variation in Lthe near field is wmuch loss
than for the piston theory, and Lhat last axial
maxlinum oceurs at about ry= 0,189 dg/k. Analysis of
the far ficld indlcates that the angle of divergence
of Lhe ~BdB en.clape is

the

o= 0,88 )/ d (26)
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Fig. 7, Transducer Beas Pattorans and

Axial Intensity Distribution The flowmetexr resolution is plotted in Fig, 8 as
a function of [regurncy and transducel size, assuming
Defining the maxinum usable range of the transducer a parzllel beanm of width d for simplicity. HNotice,
as the distance at which the -8dB points are 1.5d apart however, that the design procedure allows the ultra-
(i.e. thc beam width is degraded 50%), eguation (26) sonic frequency to be expre. .ed in terms of vp.. and
gives Dpax,» the physioclogic.’ con: -alnts, according to eg.
" - 0.55 dz/h 4. When this is taken inte uwceunt, the resolution
max o / (27 can be writton as
= 0,85 d“f,./c v v
X =D E{_s: Q ., X 28) + cot B (10 X cafe)l/:g
Thus, the transducer is quite useful at ransos up to max eff ¢ <
threo times the near field distance given X (25), For (30
a g%ven apprlication, Fhe resclution i8 maxinlzed if this Thus 1% ¢ ratio Dmaxfxx roi hly speaking the number of
maximum usable rang. is set cgnal to the distance to the indeper-.ient sanples resol..ble across the vossel, is a
tar vessel wall; i.e. fuaction only of the maxium velocity expected, the
Dmax 0.85 d2 1, transducer Q, and the tra: -ducer angle, This Tfunctiaon
Poax = g ¢ is plultted in Fig, % for £=60°. Together with the
n 1/ anple-sensitivity curves of Fig. 4, this is probably
ie, d = i._.y}_._(‘u_m_’fﬂ:f] ! (28) the most important fun imental Limit on flowmetor per-
To 508 ' forma ve, Other limit. are either built into the design

Optimal Nesizn Procedure (the . -ximum velocity and ve: 1 diamcter) or not fun-
] ; damental (the S/N ratice can be improvad by increasing
The above considerat.ons can now be drawn together the transmitied power or improving the processing cir-
to provide a8 loglcal sequence of design steps which cuits)
optimize the flowmetlcr porformance within the limita- ' 120
tions of the physiological situolion and transduccer
paramaters, The steps arve described below:
-~
(1) Choose 8, the transducer angle. Wormally N 100
0 = 60°, 8
(2} From the maximum vessel-size expected, the EF
repetiticn-vate is caloulated Lrom {6), w 80
ensuring anambipgnous ranpe moasuroment, 6:
{2) This sets a limit on the hipghest Doppler 3
signal, according te eq. (7). Chouose the v 60
hi; hest ulirasenic frequency compatible with %
1iiis, according to ey, (I4) or Fiy. 5. This [+4
cnsures maximum rosoiut lon subject to tha ::i 40
need for unambipucns + Jocity measurcument, ﬁ
Check to sce 18 Lhe 870 ratio s adequsic. =
{4) Choose the smallest Lransduacoy compatib)e 20
with the maximuw range voguired,  Suwte ituling
oy, (14) LntU?l_H) Bivis q} P | i : L1 !
i n. v 1/2 10: 200
a oo wnx Cwax (29 MAXIMUM VELOCITY {cm/sec)
e O tan 6

Fig, . Nuwhor of Samples Across Vessel as 4 Punction
of Maximum Blood Veloclty,



Conclusian

Table 1 prosents somc swmple Flowmeter destpns for

4 variety uf applications. 11 ds interesting fo nate
that the desipns for Lhe Jnrge vessgsels are very sisilar

Lo thoso alresdy wsed, and alsoe that (he figure of merit

(the number o) indepondent samples) is guile reasovnable,
3 3

To summary, the factors influencing the choice of

the major flowmetcer paramcters have been discussed, and
a desipn procedure developed which optimives the {low-
meter performance for a given physioloegical situation,
The flowmeter performance is then specitied, and itls
dependence on the physiological paramelers and the
transducer propertios is explicltiy stated.
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B, Transcultancous Flruwmetors

—

1, Arterial Visualiwation System (C,F, Hottinger)

The gonl of the transcutancous blood flownmeter project is
development of an ulirasonic system capable of quantitative measurement
of instiantaneous [low through the renal artery. To perform this
measurement, the transcutancous system must be capable of real-time
visualization of the effective vessel lumen, The arterial visualization
sysil m cur. zntly undeyr develon.aent generates one or more Doppler B-scans.
Sensitive only to moving targets, each scan displays the projection of
the eflective lumen area ontoe a reference plane,

An appropriate choice of reference planes permits an unambiguous
determination of effroiive vessel size and orientation. For this
reason an H-shaped configuration of linear transducer arrays has been
developed; when the H-array is aligned ove:r the vossel axis, the vessel
size and orientation can b: estimated reliably, A separs’ @ transducer
element, not part of the visualization system, can then be used wit!
any of several pulsed Doppler demodulator schemes to make & reliable
quantitative measurement of l[low in real time,

The H~array configuration has been implemented in an assenbly
involving 78 transducer elem: nts, with center-to-center element spacing
an close as 1 mm, Element s ucings in this range give the type of
ncor-iield resclution acceptalle with the larger artevies; closer
spacing will achieve the resolution appropriate to the renal artery,.

In addition, high voltage multiplex circuitry was introduced to permit
the higher transmit levels needoed for transcutancous scanning.

The Doppler B-scans indicate the points under the arrays returning
total Boppler-shifted audio power above a pre-set threshold., Even
when this flow-vclocity vector has no component in the direction of
the scanning transducers, Doppler shifted audio power is df tected.
Such nechanisms as beam spread, finite fransit time, and tflow turbulence
contribute to the appave ¢ Dopwpler shiftit,

The low power levels invelved, however, prompted consideration of
other array configurations that avoid perpendicular scanning of the
velocity vector., Two new configurations, differing roadically from the
H-array, have been developed., Both new systems coubine a firsti-.oment
processor (discussed below) with the Doppler imaging processor in a

new conliguration to stuplify greatly amd incrense the accuracy of
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ultrasonic volune Tlow measurement. Described as pevforming a
"cananical’ measurement ol the flow, the method consists of breaking
up an arbitrary plane ol incremental areas, The incremental Tlows
across these areas are sumnmed Lo find the entire volume flow. There-
fore, no assumptions rep rding orientation, turbulence, or vielocity
profile are necessary to estimate reliably the total flow,

The significance of the canonical method lies in its solution, in
concept, of the problew of flow measurement for a larvge number of the
vessels of interest in the body. In the coming year, the sinpler of
the two canonical wmethods will be implemented. Involving a single
linear array for visualization, as well as a uniform illumination
transducer for first-moment deteciion, the technigue promises to be
useful both for transcutancous and intraoperative measurements,
Initial tests with arterial models and in vitro specimens will provide
a basis for meaningful in vivo measurementi: later.

Further details of this development are given in the following
reproduction of a pap - presented at the 1973 IEEE Ultrasonics Sym—

posium held at Monterey, California on November 5, 1873,
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AN ULTRASONIC SCANNING SYSTEM FOIU ARTLRIAL LNAGING

C.IF. Hottis

r and J.D, Meladl

bepariment of Flectrical Enginuering
Stanford University
Stanford, Californiz 94303

ABBTRACT,

A Lransculancous systom o seal-time imoging of arteries is deoscribed. A

transducer probg centaining three Idnear arvays of elements scans tissnes within the element

Fresncl zones.

real-time visualizations of movirn  tarsets.

Earh clement is multiplexed in turn to a pulsed Doppler processor to pernit
Applications ol the motion-indicaling B~scans

are disgc sszed, with special attention to problems in transcutancous measuremant of blood flow.

A franscutancous Doppleyr imaging gsystemm hag been
develeopod to diselay rcal-time visualizations of some
of the larger peripheral arteries and veins., The
probe for thiz ultrasonic imaging system consists of
an array of pulscd trarsducer elements, cach scanning
tigsues within bhe eler.nt Fresnel zenes. A puls:d
Doppler process-.t is demultiplexed to each of the
tranciducer eloer is in lurn to achisve real-time
displays of wov: 1. vgei- and suppression of sta-
tionary target dinr s,

A convonient roal-time technigque for visualization
of the lar,.r arieries and veins by transcutaneous
means would Le valuable beth as a first step in trans-
cutaneous blood flow measuremonts and as a procedure
by itself performed to evaluate the condition of
vesscls, Accurate guantitative bleod flow measuro—
moents cpuld be porfermed with a suitable transcuta-—
neous ultrasonic fleowmeter since vessel location, size,
and orientation could Lo relianbly determined with the
visualization system. By itl=elf, the imaging tech-~
nigue would aid in the diagnosis of several vascular
disorders since lumen zize could casily be weasured to
locate consivioiions alully wile vesaoel lengiil,  In
addit ‘an, a system with adoquate resolution would
allow changes ln thi diamcters of arteries during the
cardiac cyele to be men: ced. From thesce chavnpes an
estimate of vessel disi. sibility could be derived,

Transcutaneous visualirations of vossels using
ultrasonic Doppler tochnig: kave baen roporied in the
litorature, but thesc opern’ .8 involved l’zlnuitiple
scans by a singlc transduce. o transducer bpaiv. Other
wt:;r}\:'j with a sirn. le pulsc-ci transducer geonerated
real=tine A-scans acrogs vessoels, but relied on specu-
lar refiections off the vessel walls to determine
vassel size. Not only are such specular reflections
ineconveniently sensitive to transducer alignment, but
the blood-tissue intarface within diseased vessels may
be difficuli to locate using simple pulse~ccho tech-
niquea under cven optimnl conditions. Methods utiliz-
ing Doppler technigues res) od only to moving targets,
so delineation of the wvolumes actually containing flow
is poasible, [lowcver, these scans should bo accom-
plished in real timc to pernit convenjent ¢xamination
and reduce susceptibility 1o motien avtifict.

The physiczl constr.ints that allow the arterial
geanner to jlay a erucial role in the frasscutrneousn
meagurement of blood flow are detcrmined Ly sub. Litut-
injz the Doppler relation into the eguation for voiume
flow, Q@ (in ml/sce) through a lumen of area A.

c
Q = (7—?')
Jio

whara C/fo tg the ultrasonic wavelenuth, 8 is the
angie between the avernpn Elow voctor and the ulterp=
sonic hcam path, und {Af) 1u the =putial averago
Dopplar shilt mensurad across the Luwen. O the four
factars lovolved in Q, only the filrat, ulirasonic

cus 8 (Af} A (1)

1974 Ullrasunics Svapagium Mroecadinga,

wavelenglh, is known a prieri. The averagse Doppler
shift {Af) wust be measured quantitatively asine an
appropriate Doppler flowmeter, while the direction
cosine and area can be determined by a visualization
of tho vessel volume coutaining £low.

Figure 1 shows the iransducer array configuration
that was devcloped to use thie arterial scanning system
in the transcufaneou. mcasu sment of blood flow.

ARRAY &2

ARBAY +#]

COPPLER BEAM USED IN
MEASURING BLOOD FLOW

BLOOD YESSEL

Figure 1. H-array of Transducers.
Three linear arrays of transduce: elements are combined
to form an II-shapod probe that iv placed flat against
the skin of the vossel that is boing examined.  The
probe is mernt 1o pe aligned so bt the cross-bar of
the H i5 directly aver the projection of the vessel
axls ou the skin surface. Each of the transducer
elementas that are shown in the figure to be flat
against the skin are part of the arterial imaging
sysiem. The range-pgated processor examines o number
of depth incroments under each trapsducer element in
order fo make a qualitative judgemont as to whether
flow exists at these peints or net. The sinpgle transg-
tducer element that is shown in the figove to be tilted
away from the skin surface is not part of the imaging
system poex se but is used to make a guantitative
measurement of the avorage Doppler shift acress the
lumen. '
Figure 2 illustrates the orthogonal real—-time
displays of the vessel that are geperated by ihc urte-
rial scanning system when the orobe ig propurly aligned.
The parsllel segments of the li~array generate scans of
the vess~]l rross gsection; when each image is conterad
on the wndle Tow of lrg display, the probe is praperly
allgne , and the lamen arcu can be estimated fram ilesc
cross-sacllonal lmages. The orientation of tho lengih-~
wise gean imapge, generated by avray #3, the cross-boar
of the If, Indicates the angle of the blgod velocity
vector with venpeel e dhe gkin,  In this way the
artarlal seanner nmeasdres two of the threo quaniitlesg
that musrl bo measured to estimate volume blood Tlow,

TEFT Cat. 73 CHO s0T-55U
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thift (af) 1s mea ured Ly
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The third qukntity, the avevaps Doppler
1

be =ingle canted iransducer

o
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Figure 2. Visualizaticns Generated by H-aryay,

Figure I shows a siapie block diagvam of the
processor arssocialed with s2ach ene of the lineg:
arrays in the H-shapad probe., The simplest |  .ceowtor
utilizing this scheme wres linear audio filters and is
not cepalille of distinmuirhing flow direction. A later
version utilires an off-set frequency technique and
zern-crossing dertector to 1110v determination aof flow
dirocction,

Ta
(S

Figure 3. Block Diagram of Doppler Imaging Processor,

The simpler systom, using linear audio filters,
opetates as follows., Every 50 microseconds the driver
genérates a 1 usec burst of 6lfz sinusoid. This
signal passes throug: the transducer multiplescr to a
single one of thoe transducer clements. The re rlected
ultrasonic aimmal, detected by the same element,
returns through the tranzdocer multiplexer to the
Doppler receiver. Here the returning signal is mixed
with the loecal orcillator outpnt, and the resulting
video is ranpge gated throuph a demiltiplexer to an
audieo filter bhonk, Eaeh of these audio bendpasz tiltors
iy used to detect a Doppler shifivd reflection Trom a
particular depth under the transduger currcetly being
pulsed, while the lovel of the shift deteclod modulatas
the CRT intensitv. At any given time the state of the
gudio filter multiplexer determines the x~displacement
of the CRT trace. Siace ihe entire audio Lilter bank
ts sequenced begioning with ench franemittoed malse, the
geope trace covers the entire horizentzal axis ceery
50 nsec. Likewise nt any given tlme the state of the
transutveer maliiplexer datermines the y-digplacement of
the traco,
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kach transducer element is netivatcd for lOPnsuc
before the multiplexer is sleppuad if Loppler shifis as
low as 100 0= ave to be dulceled.  The scope trace is
then nlso stfepped in lhoe y-direction every 10 msce;
with 10 tronsducer elements in an array we then achieve
10 frames por second,

The later processing system copable of distinguish-
Ing fYow dirveetion opuratos gimilarly. Hovwever, in
this case the reflocted signal ig mixed with a Ly -
quency offzet by 4 kilz from the drive frequency. Also
instead ol a lincar audio filter bank, a bank of zero-
crossing deteetors and counters is used. During the

10 see a particuiar transducer isg being pulsed,
countors irdicating lesa than 39 countsg indicate flow
away frorm he transducer, and counts creater than 41
Indicate flow toward the transducer.

The first H~array ic be asscmbled contains a total
0f 39 cle..at pairs. Each element pair is in turn
multiplencd to a hybrid transformer scheme allowing
conmaon-mode drive and differential reeceive confimura-
lions. The element palr dimersions in the cross-arrayvs
are 1.5 tm » 3 mm, while those in the lenpgibwise array
are 2 mm x 3 ma, The transducer material is LTZ-
utilizing an energy ak. orptive backing and quarter-wave
transforner layer to increase transducer bandwidth,

The transdvcer muliiplexer now used is assembled
from commercial JFET components eapable of switching
20 volts peak to peak; when these are replaced by
higher voltage devices, more power tan be delivered to
the far end of the transducer Fresnel zoncs. This
capability will allow pene ration of the layers of fat
and muscle that cover vessels like the carotid artoers
system, In this way routine real-time scans of thesc
and other important artories cun be made, and irans-
Culaneuds mwasulements can be made of the Tlaw through
these vessels.
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2. Doppler Spectrum F;rst Mor. =t Dctectoy (Lovy Gerzberg)

To measure blood flow, the average velocity of blood particles

in the cross-secction area, the lumch, of the vesscel nceds to be measured.

It can be shown that, in the case of uniforam illumination, of the blood
vegsel with the ultrasconic beam, the average velocity is proportional
to the normalized first moment of the Doppler power spectrum of the
returned signoi. Thc.J— - type first monent detector was found to be
the optimal dr .odulator for use with the various fypes of Doppler flow-
meters. This detector was first simulated on a digital computer for
optimal system design asvl then was built with commercially available
discrete components. With the aid of cowrnuter—aided design (CAD) many
more alternatives could be considered tihan would have been peossihle if
each had had to be physically constructod, The accuracy of the ctector
was found to be 2% with a single—frequency input signal and 5% with a
wide~band signal of 18 dB signal-to-noise ratio. In the future a
monelithic form of ithe first-moment detector will be develobed,

As a first step in the development of the monolithic form of this
detector, CAD has also %een used. The computer is being used both for
the imulat on of models for zome of the deivices used in the detector
and for optimal design of the integrated circuit when processing

limitations and parasitic {fects are taken into account.
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C. Implementotion Teo'aiqueds (W, R. Freund)

The study to d- termine a valid calibration scheme Tor measurement of
blood fiow in the renal and iliac arteries has continucd. Telemel:ved
information ha: been collected from eleven animals during periocds of
rest and excercise. These data will be summarized and analyzed to
establish the normal ronge and velocities whicl can be exp :ted for renal
and iliac flows in unanesthetized caninc: . Avrteriograms have been com-
pleted on T~ur of these animals to measure the vessel lumen area and the
amount of occclusion produced by the -mall-vessel CW cufls, The diameters
of the three left and one right renal artery range in value from 2.5 to
3.0 nm with a mean diamoter of 2,75 mm, The diam lers of the four iliac
arteries ranged in value from 2.9 to 4.3 mm with a mean diameter of 5. 55 mm.
In one of the animals a significant occlusion was produced by an additional
CW cuflf plared on the right renal artery. The lumen was measured to be
less than one mm in diamater as a result. While the kidney & eared to
be well perfused and free from infarcts, pressure cathether mcasure-
menty showed £ ot the an.. 1 was seveir 'y hyperl.nsive, A dircct
bleedout calibration produced maximum volume flows of 80 ml/min {approx-
imately 1/3 the expected flow for the 20 kg animal). Post-mortem exam-
ination revealed that the occlusion was due teo an incorrect choice of
cuff size rallher to exc-.ssive forwatlion of scar tissue, With the excep-
tion of this case, no vessel occclusion has been observed,

The development of special purpose measurement techniques hos con-
tinued., Three specific applicaticns have been investipated: (1) The
measurement of coronary blood flow with the existing CW, small vessel
flow cuffs, (2) The measurement of coronavy blood flow with existing
pulsed dopplc eguipment, and (3} The measurement of sortic flows
with a catheter-tip, doppler transducer.

Initial attempts to use the cxisting CW small-vessel cuffs in the
measurem. -t ol coronary velocities have been unsuccessful., A new
version hus been designed which would be optimized for the measurement
of coronary flow. This new transducer asscmbly will be constructed
and tested in the near future,

Acute studies liave deomonstrated the difficulties involved in using
pulsed flowvmet. rs and transducers to measure {low in very small vezsels
such ng 1lhe coronary arteries. These problems arizse partly from the
relatively long  welengeh of the six mepahertz ultrasound in compari-

son to the size of the coronary lumen, Experiments are continuing



to determine those comblnations of transducoers, construction and
excitation frequency that would facilitate the measurcement of coronary
blood flow by pulsed Doppler {flowmneters,

A concurrcent effort has been initiated to combine zn SEL directional
flowmeter and a commercinlly available, catheter tip, transducer

produced by Seuthwest Rescar h Institute, San Anton’o, Texas. This

’
catheter, positioned by use  X-ray techniques, could be used for
(1) relatively non-invasive measurements of velocities in the major
blood vessels prior to (or in place of) .implantation of a more com~
plicated telemetry system, (2) comparison with previcusly implanted
electromagnetic flowmeters fto establish a non~acclusive "flow zero'
(3) comparison with previously iwplanted mon-directional Dopplcr flow
meters to add directiomal informaticn, and (4) compari on with waveforms
produced by transcutaneouns Doppler Tlowmeters.

The Tirst wnveforms collected are shown in the figure, below.
In‘ormation wis recorded while the catheter was positioned along the
axis of flow in the descending aorts. Research on this technique

will continue,

ﬁ&—~——i second

! ;
P P P & T o S PR SU SR S Y ettt e e it

Velocity in the Descending Aorta -- Catheter-tip Doppler
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III. CONCLUSIONS

Sample implaniable flowmeter designs, suitable for use with a dog
aor‘a, human aorta, human renal artery and humon corovary artery, are
tabulated at the er of Section A, on the Implantable Puls: d Flowmeter,
together with a figure of merit for each, indicative of the degree of
precisioa in measuremenit technique possible, and {he way in which this
is dependent on physioclogical constraints, Future work in this area
will be directed toward confirmation of these designs in actual construe-
tion and tests,

For transculaneous observation of blood flow, several systoms have
been designed. One design concer”, the H-array, has been constructed
and tested satisfactorily using tavget specimens in a water tank.

Lunen area and vessel orientaiion can be determined by this means.
This information, combined with Doppler information from the returned
echoss enables calculation of flow volume, Two simplified new concepts
ha' 2 been develcoped recenily, which avoid the need to determine vessel
orientation. The simpler of these will be constructed during the ne-t
yvear, It will have a single linear array for visuali tion and a
separate transducer lto produce uniformly distributed sound for use

in measuring the first moment of the Doppler s)ectrum., Wh-n the velocity
distrihution ig not symmetrical acress the lumen, fthe first wmoment of
the Doppler spectrum is the only type of average measurement that
reflects accurately the tr : velocity,.

Technigue deveiopmenﬁ for implementing flowmeter use resulted in
success with CW Flowmeters but some problems with pulsed flowmete.s on
small vessels. Higher frequency sou. d, than the current 6 MHz, will
al o he needed for satisfactory operation of the pulsed Doppler flow-
meers on small vessels, Its shorter wavelength should permit more
accurate observations to be wmade, but several design criteria must

he modified as a rosult.



